Long chain *n*-3 polyunsaturated fatty acids (*n*-3 PUFA) derived from oily fish, eicosapentaenoic acid (20:5*n*-3, EPA) and particularly docosahexaenoic acid (22:6*n*-3, DHA), can influence cardiac myocyte electrophysiology by modulating ion channels in animal models and in vitro studies [@bb0005]. Prospective cohort studies have found a relatively consistent association between the intake of fish and decreased risk of coronary heart disease death. The GISSI trials showed that an additional intake of 0.85 g *n*-3 PUFA decreased coronary heart disease mortality, possibly due to an antiarrhythmic action or augmentation of autonomic tone [@bb0010; @bb0015; @bb0020]. More recent evidence suggests that *n*-3 PUFA supplementation has little effect on all-cause mortality, cardiac death, sudden death or myocardial infarction when all trials are considered in totality [@bb0025]. Measuring heart rate variability (HRV) is an indirect, non-invasive approach to assessing cardiac autonomic function [@bb0030]. Low HRV is associated with mortality after a myocardial infarction [@bb0030; @bb0035; @bb0040; @bb0045] and risk of cardiac events in the general population [@bb0050]. A meta-analysis concluded that short-term fish oil supplementation may favorably affect certain frequency domain parameters of HRV [@bb0055]. The present study examines the effects of low doses of *n*-3 PUFA on HRV, in healthy non-smoking men and women at moderate risk of cardiovascular disease supplemented for 1 y. Here, effects on HRV during sleep-time are investigated, thereby reducing influences from physical activity and emotional/psychological fluctuations.

The MARINA trial was a single-center dietary intervention study conducted at King\'s College London, UK between April 2008 and October 2010. Detailed methods and primary outcomes have been reported previously [@bb0060]. Ethical approval was obtained from the relevant research ethics committees in the UK (NREC 08/H0802/3) and written informed consent was given by participants. The study was performed in accordance with the principles outlined in the Declaration of Helsinki, and has been registered as a clinical trial at [www.controlled-trials.com](http://www.controlled-trials.com){#ir0020}, unique identifier ISRCTN66664610. Non-smokers aged 45--70 years attended a screening visit and those with a medical history of cardiovascular disease (including atrial fibrillation), overall risk of cardiovascular disease in excess of 20% over the next 10 years ([www.qrisk.org](http://www.qrisk.org){#ir0025}), cancer (excluding basal cell carcinoma) in the past five years, type 1 diabetes mellitus, uncontrolled type 2 diabetes (fasting plasma glucose \> 7 mmol/L), chronic renal, liver or inflammatory bowel disease, history of substance abuse or alcoholism, pregnancy, weight change of \> 3 kg in preceding 2 months, and body mass index \< 20 and \> 35 kg/m^2^ were excluded.

A randomized, placebo-controlled, double-blind parallel design tested the effects of three dose levels of *n*-3 PUFA versus olive oil placebo (BP specification) for 12 months. The doses chosen were selected to be equivalent to eating none (placebo), 1, 2 or 4 portions of oily fish a week and provided 0, 0.45, 0.9 and 1.8 g of *n*-3 PUFA/d as a purified triacylglycerol with an EPA:DHA ratio of 1.5:1 (Croda Chemicals Europe Ltd, Hull, Yorkshire, UK). Participants were randomly allocated to treatment using minimization to balance age, gender and ethnicity between treatment groups. The treatment associated with the capsule codes were concealed from all study participants, investigators and associated clinical staff.

On the day prior to each study visit, participants were requested to abstain from strenuous exercise up to the visit and to follow standardized dietary advice. Participants reported to the St Thomas\' Hospital clinical research facility between 08:00 h and 10:00 h and an Actiheart monitor was fitted (CamNtech Ltd, Cambridge, UK) [@bb0065; @bb0070] to be worn for 24 h. Following isolation of data during sleep-time, determined by participant records and confirmed by activity data derived from the in-built accelerometer, the data was analyzed using Actiheart 4 software (version 4.0.91) and Kubios HRV software (version 2.0, available online at [http://kubios.uef.fi/](http://kubios.uku.fi/){#ir0030}, Biosignal Analysis and Medical Imaging Group, Department of Applied Physics, University of Eastern Finland, Finland) and checked for quality. Time domain parameters included standard deviation of normal-to-normal (NN) intervals (SDNN), standard deviation of the average NN intervals in 5 min segments of the whole recording (SDANN), square root of the mean of the sum of the squares of differences between adjacent NN intervals (RMSSD), the percentage of adjacent NN intervals that differed by more than 50% (pNN50), and triangular index (Ti), the integral of the density distribution (the number of all NN intervals) divided by the maximum of the density distribution. Frequency domain parameters included high frequency (HF), low frequency (LF), and very low frequency (VLF) power, and the ratio of the LF and HF frequency band powers (LF/HF). Some of the measures represent overall variability: including SDNN and Ti [@bb0030]. Estimates of short-term components of HRV include RMSSD, pNN50, and HF (0.15 to 0.4 Hz). SDANN and VLF (0.003 to 0.04 Hz) reflect longer-term components, probably a combination of sympathetic and parasympathetic activities. LF power is thought to reflect sympathetic modulation of HR [@bb0030].

Heart rate variability was defined as a secondary outcome variable of this clinical trial, therefore power calculations for sample size were based on primary endpoints of the trial. Average values on treatment (mean of 6 and 12 months) data were analyzed on an intention to treat basis using analysis of covariance (ANCOVA) with linear trend test, based on a weighted combination (0:1:2:4) of the treatment effects expected in the 4 groups using Stata 11 software (StataCorp LP). Analyses were adjusted for baseline values as well as for age, gender, ethnicity and body mass index. Standard distributional checks were made, and analyses were made following log or other transformation. Following log transformation, geometric means are presented.

Of 367 participants randomly assigned to treatment, 305 participants completed the HRV recordings ([Fig. 1](#f0005){ref-type="fig"}). After processing and removal of poor quality data, 231 participants remained with usable sleep-time data for all three visits ([Table 1](#t0005){ref-type="table"}). Capsule counts indicated that 209 of the participants consumed ≥ 90% of the capsules provided. The proportions of EPA and DHA in erythrocyte lipids increased in a dose-dependent manner indicating long-term compliance to the intervention [@bb0060]. There were significant increases in SDANN, Ti and VLF power with *n*-3 PUFA supplementation, but no evidence for a dose-related response ([Table 2](#t0010){ref-type="table"}). There were also significant treatment effects for frequency domain parameter, LF/HF, indicating an increase in sympathetic activity relative to parasympathetic activity. There were no statistically significant effects of treatment for heart rate (data not shown), nor remaining time and frequency domain parameters.

The present one year intervention study confirmed that HRV was increased during sleep-time by intakes of *n*-3 PUFA achievable through diet, including parameters of longer-phase variability. The relative increase in VLF and SDANN following *n*-3 PUFA has rarely been observed in clinical trials [@bb0075], but is in agreement with observational data from a cohort of older US adults, with VLF appearing to increase at around the level of 1--2 servings per week compared to 1--3 servings per month or less [@bb0080]. Subtle longer-phase fluctuations in heart rate can be more easily discerned during sleep, since greater amplitude oscillations in HRV in response to sympathetic input arising from activity and psychological influences are absent. Indeed, during waking periods, SDANN is powerfully determined by physical activity, or probably the metabolic and thermoregulatory changes associated with physical activity [@bb0085], and therefore it would be of interest to test whether increases in this longer-phase variability could be detected during a 24 h ambulatory HRV measurement period.

Low VLF power is a strong prognostic indicator of mortality after a myocardial infarction, particularly arrhythmic death [@bb0035], and reduced SDANN has been associated with increased mortality following a myocardial infarction [@bb0040]. Less is known about the prognostic utility of these parameters in individuals without pre-existing CHD [@bb0050]. The VLF band of the power spectrum may represent longer-phase periodic physiological shifts arising from hormonal changes, the renin--angiotensin system and thermoregulation [@bb0090].

Limitations of this study include the loss of data from 81 completing participants due to poor quality HRV recordings, and the fact that power calculations were not performed for any of the HRV parameters addressed in the analysis. However, strengths of the study include the use of a dose range of *n*-3 PUFA consistent with the range found in human diets, the comparatively long duration of dietary intervention, and evidence of good compliance. These data suggest that intakes of *n*-3 PUFA equivalent to one serving of oily fish a week alter some longer-term parameters of HRV in non-smoking healthy adults at mild to moderately increased risk of cardiovascular disease during sleep-time.
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###### 

Details of the study participants at run-in by randomly assigned treatment group.

                                                      Placebo (*n* = 52)   0.45 g/d (*n* = 64)   0.9 g/d (*n* = 59)   1.8 g/d (*n* = 56)   *P* value[c](#tf0020){ref-type="table-fn"}
  --------------------------------------------------- -------------------- --------------------- -------------------- -------------------- --------------------------------------------
  Age (years)[a](#tf0010){ref-type="table-fn"}        56 (54,58)           55 (53,57)            55 (54,57)           54 (52,55)           0.455
  Sex[b](#tf0015){ref-type="table-fn"}                                                                                                     
   Male                                               21 (40.4%)           28 (43.8%)            22 (37.3%)           23 (41.1%)           0.911
   Female                                             31 (59.6%)           36 (66.2%)            37 (62.7%)           33 (58.9%)           
  Ethnicity[b](#tf0015){ref-type="table-fn"}                                                                                               
   White                                              44 (84.6%)           50 (78.1%)            49 (83.1%)           48 (85.7%)           0.377
   Black                                              2 (3.8%)             2 (3.1%)              0 (0.0%)             3 (5.4%)             
   Asian                                              2 (3.8%)             5 (7.8%)              5 (8.5%)             0 (0.0%)             
   Far Eastern                                        3 (5.8%)             4 (6.3%)              4 (6.8%)             1 (1.8%)             
   Other                                              1 (1.9%)             3 (4.7%)              1 (1.7%)             4 (7.1%)             
  BMI (kg/m^2^)[a](#tf0010){ref-type="table-fn"}                                                                                           
   Women                                              26 (24,27)           25 (24,27)            26 (25,28)           25 (24,26)           0.387
   Men                                                26 (25,28)           26 (25,27)            26 (25,28)           25 (24,27)           0.686
  SBP (mm Hg)[a](#tf0010){ref-type="table-fn"}        121 (116,125)        121 (117,124)         123 (120,127)        119 (115,123)        0.513
  DBP (mm Hg)[a](#tf0010){ref-type="table-fn"}        76 (73,78)           76 (74,79)            78 (76,81)           76 (73,78)           0.293
  Glucose (mmol/L)[a](#tf0010){ref-type="table-fn"}   5.4 (5.3,5.6)        5.5 (5.3,5.8)         5.4 (5.2,5.5)        5.3 (5.1,5.4)        0.160
  TC:HDL[a](#tf0010){ref-type="table-fn"}             3.7 (3.4,3.9)        3.7 (3.5,4.0)         3.4 (3.2,3.6)        3.5 (3.2,3.8)        0.127
  Erythrocyte EPA (%)                                 1.29 (1.17,1.40)     1.26 (1.14,1.38)      1.32 (1.18,1.46)     1.27 (1.14,1.40)     0.917
  Erythrocyte DHA (%)                                 6.51 (6.08,6.94)     6.50 (6.16,6.84)      6.27 (5.88,6.65)     6.35 (5.94,6.76)     0.771

SBP, seated systolic blood pressure; DBP, seated diastolic blood pressure; TC:HDL, total cholesterol to high density lipoprotein cholesterol ratio; Asian = South Asian, SE Asian & Middle Eastern.

Mean, 95% confidence intervals in parentheses.

*n* (%).

*P* values are given for comparisons between treatment groups by one-way ANOVA for age, BMI, BP, fasting glucose, TC:HDL ratio and erythrocyte membrane *n*-3 PUFA, and by chi-square test for distributions of sexes and ethnic groups between treatment groups.

###### 

Interbeat interval and time and frequency domain heart rate variability indices at baseline and following treatment with increasing doses of (*n*-3) long chain polyunsaturated fatty acids versus placebo. Treatment effects are corrected for age, sex, ethnicity, BMI, and the pre-treatment value of the measure.

                                                                                                   Placebo (*n* = 52)     0.45 g/d (*n* = 64)    0.9 g/d (*n* = 59)     1.8 g/d (*n* = 56)   *P* value[a](#tf0025){ref-type="table-fn"}
  --------------------------------------------------- -------------------------------------------- ---------------------- ---------------------- ---------------------- -------------------- --------------------------------------------
  IBI (ms)                                            Baseline[b](#tf0030){ref-type="table-fn"}    924 (862, 990)         966 (934, 1008)        903 (836, 976)         971 (936, 1008)      
  Rx[b](#tf0030){ref-type="table-fn"}                 955 (920, 992)                               965 (934, 996)         918 (884, 953)         973 (940, 1008)                             
  Treatment effect[c](#tf0035){ref-type="table-fn"}   1.000 \[Reference\]                          1.000 (0.952, 1.049)   0.962 (0.916, 1.010)   1.000 (0.951, 1.052)   0.602                
  SDNN (ms)                                           Baseline[b](#tf0030){ref-type="table-fn"}    95.0 (86.8, 103.9)     92.8 (85.7, 100.5)     95.1 (85.7, 105.6)     92.4 (85.4, 100.0)   
  Rx[b](#tf0030){ref-type="table-fn"}                 87.7 (81.4, 94.6)                            96.1 (89.5, 103.2)     90.3 (85.1, 95.8)      94.0 (87.3, 101.3)                          
  Treatment effect[c](#tf0035){ref-type="table-fn"}   1.000 \[Reference\]                          1.104 (1.022, 1.193)   1.034 (0.955, 1.119)   1.072 (0.988, 1.162)   0.069                
  SDANN (ms)                                          Baseline[b](#tf0030){ref-type="table-fn"}    76.3 (68.0, 85.6)      72.9 (64.4, 82.5)      74.0 (65.2, 83.9)      65.1 (59.2, 71.4)    
  Rx[b](#tf0030){ref-type="table-fn"}                 67.2 (61.0, 74.0)                            74.4 (67.9, 81.6)      74.6 (68.8, 80.9)      74.2 (66.7, 82.4)                           
  Treatment effect[c](#tf0035){ref-type="table-fn"}   1.000 \[Reference\]                          1.117 (0.992, 1.258)   1.123 (0.995, 1.268)   1.141 (1.007, 1.293)   0.020                
  RMSSD (ms)                                          Baseline[b](#tf0030){ref-type="table-fn"}    33.8 (30.4, 37.5)      36.0 (32.0, 40.5)      35.4 (31.6, 40.0)      37.6 (32.9, 43.0)    
  Rx[b](#tf0030){ref-type="table-fn"}                 36.5 (32.7, 40.6)                            36.4 (32.9, 40.3)      33.6 (30.6, 36.8)      36.8 (33.2, 40.7)                           
  Treatment effect[c](#tf0035){ref-type="table-fn"}   1.000 \[Reference\]                          0.964 (0.871, 1.066)   0.894 (0.807, 0.991)   0.947 (0.852, 1.052)   0.129                
  Ti                                                  Baseline[b](#tf0030){ref-type="table-fn"}    21.6 (19.4, 24.1)      20.9 (19.3, 22.7)      21.1 (19.4, 23.1)      21.1 (19.2, 23.2)    
  Rx[b](#tf0030){ref-type="table-fn"}                 20.0 (18.5, 21.6)                            22.3 (20.9, 23.8)      21.3 (19.9, 22.7)      22.0 (20.4, 23.8)                           
  Treatment effect[c](#tf0035){ref-type="table-fn"}   1.000 \[Reference\]                          1.127 (1.037, 1.224)   1.075 (0.988, 1.169)   1.098 (1.008, 1.196)   0.014                
  HF (ms^2^)                                          Baseline [b](#tf0030){ref-type="table-fn"}   324 (260, 404)         330 (261, 417)         347 (274, 440)         350 (270, 452)       
  Rx[b](#tf0030){ref-type="table-fn"}                 347 (275, 439)                               337 (271, 419)         302 (248, 369)         326 (268, 398)                              
  Treatment effect[c](#tf0035){ref-type="table-fn"}   1.000 \[Reference\]                          0.962 (0.784, 1.180)   0.829 (0.673, 1.022)   0.902 (0.729, 1.117)   0.198                
  LF (ms^2^)                                          Baseline[b](#tf0030){ref-type="table-fn"}    696 (559, 867)         731 (591, 903)         767 (630, 934)         790 (641, 973)       
  Rx[b](#tf0030){ref-type="table-fn"}                 637 (500, 811)                               702 (576, 856)         675 (564, 809)         752 (610, 926)                              
  Treatment effect[c](#tf0035){ref-type="table-fn"}   1.000 \[Reference\]                          1.053 (0.903, 1.229)   0.989 (0.845, 1.157)   1.048 (0.892, 1.231)   0.650                
  LF/HF                                               Baseline[b](#tf0030){ref-type="table-fn"}    2.15 (1.81, 2.55)      2.21 (1.87, 2.61)      2.21 (1.85, 2.64)      2.26 (1.87, 2.74)    
  Rx[b](#tf0030){ref-type="table-fn"}                 1.83 (1.52, 2.20)                            2.08 (1.76, 2.47)      2.23 (1.92, 2.61)      2.30 (1.92, 2.77)                           
  Treatment effect[c](#tf0035){ref-type="table-fn"}   1.000 \[Reference\]                          1.097 (0.946, 1.271)   1.212 (1.042, 1.409)   1.163 (0.997, 1.357)   0.020                
  VLF (ms^2^)                                         Baseline[b](#tf0030){ref-type="table-fn"}    5363 (4493, 6403)      5021 (4297, 5866)      4962 (4271, 5765)      4870 (4198, 5649)    
  Rx[b](#tf0030){ref-type="table-fn"}                 4444 (3844, 5138)                            5492 (4768, 6326)      4857 (4334, 5443)      5141 (4447, 5944)                           
  Treatment effect[c](#tf0035){ref-type="table-fn"}   1.000 \[Reference\]                          1.271 (1.105, 1.461)   1.149 (0.997, 1.325)   1.199 (1.036, 1.387)   0.005                

IBI, interbeat interval (also known as RR interval), the time interval between R spikes of the QRS complex; SDNN, standard deviation of all NN intervals (normal-to-normal intervals, similar to R--R, but on normalized IBI data); SDANN, standard deviation of the averaged NN intervals, calculated from 5 min epochs; RMSSD, the square root of the mean of the sum of squares of differences between adjacent NN intervals; Ti, total number of all NN intervals divided by the height of the histogram of all NN intervals with bins of 7.8125 ms. HF, high frequency power, or variation; LF, low frequency power; LF/HF, ratio of LF to HF power; VLF, very low frequency power.

Significance tests investigate a linear trend with dose.

Values are geometric means; 95% CI in parentheses. Data were log-transformed before analysis.

Treatment effect versus placebo (average of change following each treatment divided by change on placebo at 6 and 12 months), based on estimated marginal means (adjusted for covariates: age, sex, ethnicity, BMI, and the value at baseline).

[^1]: This author takes responsibility for all aspects of the reliability and freedom from bias of the data presented and their discussed interpretation.
